Summary. Though harvester ants are closely similar in ecology, species differ in their worker size polymorphism as well as in the glandular source of their trail pheromones and defensive compounds. In the harvester ant Messor barbarus, we find that the recruitment trail pheromone is located in the Dufour gland, while defence-alarm substances are produced in the poison gland. We also investigated how the glandular development and the ethological response to these abdominal glands are related to worker body size. For both glands, M. barbarus workers show monophasic and nonisometric growths with slopes of allometric regression lines lower than 1. The highest trail-following response is elicited by the Dufour gland secretion from media workers, responsible for most foraging activities in M. barbarus. Aggressive behaviour is more frequently observed in the presence of poison gland secretions from medium and large-sized workers. Differences between species and between worker size classes in the ethological role of sting associated glands are discussed in relation to the foraging ecology and defensive characteristics of harvester ants.
Introduction
Harvester ants, which feed essentially on seeds, are widespread in both Old and New World dry areas. As in most myrmicines, the two exocrine glands associated with the sting (Dufour and poison glands) are commonly involved in chemical communication during foraging or agonistic situations. The ethological role of these two abdominal glands is however highly variable amongst harvester ant species. In Pogonomyrmex species, the short-lived secretion of the poison gland serves as a recruitment pheromone and an orientation cue while the Dufour gland secretion produces additional orientation signals used on longer-lasting trails (Höll-dobler and Wilson, 1970) . On the other hand, in most but not all species of the genus Messor [M. structor (Hahn and Maschwitz, 1985) ; M. bouvieri (Jackson et al., 1991) , M. capitatus (Grasso et al., 1998) , M. minor and M. wasmanni (Grasso et al., 1999) , but not M. pergandei (Blum, 1974) ] it is the Dufour gland which is responsible for the production of the trail pheromone and which contains both recruitment and orientation substances, while the poison gland secretion only elicits a weak trail-following response.
Furthermore, harvester ants also differ in their degree of worker size polymorphism, which varies between species (Davidson, 1977) or even within the same species over its geographic range (Davidson, 1978) . Worker size range has been considered as a specific adaptation to match the size distribution of available food resources (Davidson, 1977 (Davidson, , 1978 Rissing and Pollock, 1984) , to expand diet (Traniello and Beshers, 1991) , to increase foraging efficiency (López and Haeger, 1999) or possibly to reduce competition (Davidson, 1977 (Davidson, , 1978 .
The adaptive significance of such size polymorphism has been widely discussed in literature, but little is known about 1) how differences in workers body size are related to differences in the development of exocrine glands involved in chemical communication and 2) how division of labour between worker size classes is coupled with a specialisation in the production of trail pheromones or defensive compounds. Our work on the highly polymorphic harvester ant Messor barbarus provides a first set of answers 1) by studying the relative development and the ethological function of abdominal glands associated with the sting (Dufour and poison glands) and 2) by comparing behavioural responses elicited by glandular extracts from the three worker size classes (minor, media and major).
Materials and methods

Rearing of colonies
The ant Messor barbarus is a common seed predator on Mediterranean grasslands of Southern Europe . Nests can be easily detected in the field because of the clearly defined network of trunk trails. Colonies collected at Vidauban (Southeastern France) were reared in plaster nests in the laboratory. Each nest (20 ¥ 30 ¥ 0.3 cm) was subdivided in three interconnected sections (16 ¥ 8 ¥ 0.3 cm) covered by a red glass plate. Nests were kept at a room temperature of 22 ± 3°C, a relative humidity of 60 % and a constant photoperiod of 12h-light per day. Colonies were regularly fed on a diet of brown sugar solution (1 M) and mixed seeds (mainly canary grass and oats) and were supplemented twice a week with dead cockroaches (Periplaneta americana).
Morphometric measures
Sixty workers were taken from the foraging area of a M. barbarus colony and were killed by freezing (-12°C) for a few minutes. Several morphological parameters were measured under a binocular microscope: head width across eyes; length of the alitrunk in profile (from the anterior edge of the pronotum to the posterior base of the propodeum); maximum length of gaster (from postpetiole insertion to gastral apex), maximum width and maximum height of gaster; maximum length and maximum width of abdominal glands associated with the sting (Dufour and poison glands). Volumes of gaster, Dufour gland and poison gland were calculated by assuming them to be ellipsoids.
Bioassays on Dufour and poison glands secretions
Three size classes -minor, media and major -are usually recognised among M. barbarus workers (Bernard, 1968; Cerdan et al., 1986; Chrétien, 1996; López and Haeger, 1999) which are arbitrarily defined according to workers body length: minors (< 5 mm); medias (5 > ¥ < 10 mm); majors (> 10 mm).
Bioassays were carried out with glandular secretions from each of these three size classes. Two colonies of 1,500 and 2,000 workers (35 % minors, 57 % medias and 8 % majors) were used from which 10 workers of each colony and of each size class were dissected in physiological saline (9 ‰). Dufour and poison glands were transferred separately to vials containing 100 µl of dichloromethane (stock solutions), were sonicated and stored at -30°C. Three glandular extracts were tested: poison gland extract (PG), Dufour gland extract (DG) and a mixture of both glandular extracts (PG + DG). The extraction solvent (S) was used as control. Bioassays were carried out on nestmate workers and were video recorded. Media workers were chosen to test the ethological role of exocrine glands because 1) they are the numerically dominant size class in M. barbarus colonies and 2) they carry out most of the outside activities like foraging or defence against competitors (unpublished observations). Within each experimental series, successive tests were separated by at least 30 minutes. One day elapsed between experimental series carried out with workers coming from the same colony.
Aggressive responses
Twenty µl of the stock solution of each gland were diluted with solvent in order to reach a concentration of 2 glands/600 µl. Pieces of filter paper (5 ¥ 5 mm) were impregnated with aliquots of 30 µl (0.1 gland equivalent) of each glandular extract (DG or PG) or with 60 µl (0.1 DG equivalent + 0.1 PG equivalent) of both glandular extracts. Tests were performed in the following order: S (30 µl), DG, PG and DG + PG extracts. For each test, the filter paper was placed in the centre of a 20 ¥ 20 cm arena in which 20 medias had been previously introduced. A count was made of all workers approaching the paper at less than 2.5 cm during 5 min starting as soon as the paper was deposited. For those attracted workers, aggressive behaviours as mandible openings, bites to the paper and bites between nestmates were quantified. Percentages of bites between nestmates were calculated over the total number of encounters between workers. Six replications were performed with each tested glandular extract as well as with the solvent.
Trail following response
Sixty µl of the stock solution of each gland were diluted with solvent in order to reach a concentration of 6 glands/120 µl. A 10 cm diameter circle divided in 1 cm arcs was pencil-drawn on Bristol paper (350 g/m 2 ). Aliquots of 30 µl (1.5 gland equivalent) of each glandular secretion (PG or DG) or 60 µl (1.5 PG equivalent + 1.5 DG equivalent) of both glandular extracts were deposited with a metallic normograph pen along the circumference. Tests were performed in the following order: S (30 µl), PG, DG and PG + DG extracts. Each circular trail was presented in an experimental arena (20 ¥ 30 cm) to 20 media workers, which had been isolated from the colony 3 h before testing. Three replications were carried out with each glandular extract as with the solvent. Within each replication, we observed 60 encounters of workers with the trail. A worker was considered as responding to the trail when following it over at least 1 cm. The number of cm followed by these responding workers was counted and averaged for each glandular extract tested.
Recruitment response inside the nest
Twenty µl of the stock solution of each gland were diluted with solvent in order to reach a concentration of 2 glands/40 µl. Filter papers (5 ¥ 5 mm) were impregnated with aliquots of 2 µl (0.1 gland equivalent) of each glandular extract (PG or DG) or with 4 µl (0.1 PG equivalent + 0.1 DG equivalent) of both extracts. Solvent (2 µl) and glandular extracts were tested following the same order as in the previous bioassay. Test papers were introduced inside the nest through a hole (1.5 cm diameter) made in its glass cover at 4 cm from the entrance. We quantified differences between the number of workers leaving the nest during 1 minute prior to testing and the number of exiting ants during 1 min following the introduction of the test paper. Six replications were carried out with each glandular extract and with the solvent.
Data analysis
Normality of data was checked using the Kolmogorov-Smirnov test for goodness of fit. When data were normally distributed, the one-way ANOVA was used and, when a significant difference was found, was followed by the Tukey multiple comparison test. When data were not normally distributed, the Kruskal-Wallis test was used and followed by the Dunn's multiple comparison test. Chi-square test was used for comparison between proportions. All p-values above 0.05 were considered to be not statistically significant.
Results
Morphometric measures
The relation between head width and alitrunk length showed a monophasic allometric growth (Fig. 1 A) . The slope of the regression line, which was greater than 1, indicated that large-sized workers had proportionally wider head capsules than smaller-sized individuals. Relations between alitrunk length and either poison or Dufour glands size ( Fig. 1 
Bioassays on Dufour and poison glands secretions
2.1 Aggressive responses (Table 2) Similar number of workers were attracted by pieces of paper impregnated with solvent (Kruskal-Wallis test, p > 0.05), indicating that ants showed the same activity level at the beginning of each experimental series. The Dufour gland secretion from majors as well as poison gland extracts from medias or majors attracted slightly more nestmates than the solvent (Kruskal-Wallis, p > 0.05). For a given glandular extract (Dufour or poison), the number of attracted workers seemed to increase with the worker size class from which this gland was extracted, probably due to the higher amount of available secretion. This trend was however not statistically significant (Kruskal-Wallis test, p > 0.05).
Poison gland secretions induced frequent aggressive behaviour among attracted workers. Indeed, when extracted from majors, poison glands induced mean percentages of mandible openings significantly higher than the solvent (Dunn's test, p < 0.05). Poison gland secretions from medias or majors also elicited significantly higher percentages of bites to paper or to encountered nestmates than the solvent (Dunn's test, p < 0.05). By contrast, Dufour gland secretions induced none or only slight aggressive behaviour, which were never statistically different from the solvent (Dunn's test, p > 0.05). No synergistic effect of the mixture of both glands was found since mean percentages of mandible openings or bites to paper were statistically similar to those induced by the poison gland alone (Dunn's test, p > 0.05). The mean number of bites to nestmates was even reduced, as for the mixture of both glands from media workers, which elicited a significantly lower aggressiveness than poison gland alone (Dunn's test, p < 0.05). The aggressive behaviour of workers in contact with the glandular mixture seemed thus essentially due to their perception of the poison gland compounds.
Aggressive responses increased with the worker size class from which glands were extracted. Around 5 times more bites were observed between nestmates when poison glands originated from medias (Dunn's test, NS, p = 0.07) or majors (Dunn's test, NS, p = 0.06) than from minor workers. Similarly, while minors poison gland extract elicited 4.1 % of bites to paper, 3 to 5 times more bites were observed in the presence of majors (Dunn's test, p > 0.05) or medias gland (Dunn's test, p < 0.05).
2.2 Trail following response (Table 3) For all experimental series, workers that contacted trails laid with the solvent (36.7 % to 47.8 %), followed it over very short distances of 1.9 to 3.4 cm on average. A higher number of workers responded to trails drawn with poison gland secretions (c 2 test, p < 0.001) but still followed them on rather short distances of around 5 cm. This weak trail-following response was often accompanied by typical alarm behaviour of workers, such as the opening of mandibles and excited running. Such alarm behaviour among workers was not due to a too high concentration of a possible component of the trail pheromone in the poison gland extracts as hypothesised by Grasso et al. (1998) . Indeed, additional experiments showed that over less concentrated trails drawn with only 0.1 medias poison gland, M. barbarus workers followed similar short distances of 5.3 cm (± 4.7 cm, n = 71) on average. The highest response was observed for Dufour gland trails, which were followed by 76.1 to 83.9 % of tested workers (c 2 test, p < 0.001) over long distances (12.5 to 19.3 cm on average). This trail-following response to Dufour gland extracts was always significantly higher than those elicited by the solvent or other glandular secretions (Dunn's test, 386 A Trails drawn with Dufour gland extract from medias were followed over longer distances than those from minors and majors (Dunn's test, p < 0.001). We tested whether the weaker response to glandular extract from majors could be due to a repulsive effect of higher quantities of trail pheromone since majors glands were 3 times larger than those of medias. This seemed not to be the case since a 3 times diluted extract of majors Dufour glands (0.5 gland/trail) induced a similar trail-following response (11.3 ± 10.5 cm, n = 148) which was still weaker than that elicited by medias glands. (Table 4) Dufour gland extracts from medias and majors elicited a significant recruitment of nestmates with up to 10 times more workers exiting the nest than for the solvent (Dunn's test, p < 0.05). On the other hand, poison gland secretions did not elicit nest exits significantly different from the solvent. Moreover, workers behaved quite differently: while workers in contact with Dufour gland secretions left the nest calmly, without signs of aggressiveness, ants remained near the test paper impregnated with poison gland extracts displaying opened mandibles, excited running and self-grooming. This latter behaviour could be a sign of a possible irritant effect of the poison gland secretions. The mixture of both glandular extracts had no additive effect, as it even reduced up to 5 times the recruitment response of workers to Dufour glands alone from medias or majors.
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Recruitment response inside the nest
Although this trend was not statistically significant, Dufour glands extracted from minors seemed to elicit less exits from the nest than those extracted from medias or majors (Kruskal-Wallis test, p > 0.05).
Discussion
In the large subfamily Myrmicinae, the poison gland appears to be the primary source of odour trail pheromones while the Dufour gland elicits no response or simply produces additional orientation cues as in Pogonomyrmex harvester ants (Hölldobler and Wilson, 1970) . Within the Pheidolini tribe to which belongs the genus Messor, the glandular source of the trail pheromone is nevertheless highly variable. While the poison gland contains the trail substance in most Pheidole (Hölldobler and Möglich, 1980; Ali et al., 1989) and all Aphaenogaster species (Hölldobler et al., 1978; Attygalle et al., 1998) , the Dufour gland secretion releases trail following responses in all studied Messor species (Hahn and Maschwitz, 1985; Coll et al., 1987; Jackson et al., 1991; Grasso et al., 1998 Grasso et al., , 1999 excepting in M. pergandei (Blum, 1974) . We here found that, as for M. structor (Hahn and Insectes soc. Vol. 47, 2000 Research article 387 Table 3 . Trail following response of media workers to glandular extracts (1.5 glands) from each size class or to the solvent. The table gives percentages of workers responding to circular trails and numbers (mean ± SD) of cm followed. Percentages are compared using c 2 tests. Means are compared using Kruskal-Wallis tests, followed by Dunn's multiple comparison tests. Means Table 4 . Recruitment response to glandular extracts (0.1 gland) from workers of each size class or to the solvent. The table gives differences (mean ± SD, n = 6) between the number of workers exiting the nest before and after the introduction of the test paper in the nest. Kruskal-Wallis tests are used and are followed, when statistical differences are found, by Dunn's multiple comparison tests. , 1985) , M. capitatus (Grasso et al., 1998) , M. minor and M. wasmanni (Grasso et al., 1999) , the Dufour gland secretion of M. barbarus acts both as a recruitment pheromone which induces numerous nest exits and as an orientation substance which elicits a marked trail-following response over long distances. The interspecific variability in the ethological role of the Dufour gland observed within the Pheidolini tribe could be related to the foraging ecology of ant species. The Dufour gland produces persistent orientation cues and/or recruitment pheromones only in harvester ants as Messor spp. which are obligatory granivorous and which forage on persistent trunk-trails. By contrast, the Dufour gland secretion does not show trail-related activity in the phylogenetically close Aphaenogaster and Pheidole species, which are omnivorous or occasional seed-eating ants (Höll-dobler and Wilson, 1990) . It should also be noticed that the only Messor species, M. pergandei, in which the Dufour gland is devoid of any trail-following activity, is characterised by rotating and labile trails, which regularly change direction (Rissing and Wheeler, 1976) . The anatomical location of trail pheromone within the Dufour gland seems thus to be coupled with the need for ant species to produce relatively persistent chemical cues and to forage on long-lasting trails exploiting stable food resources as seed patches. Concerning agonistic behaviour, harvester ant species differ considerably in their defensive gear. Pogonomyrmex ants possess a highly effective sting and a proteinaceous burning venom (Blum, 1974) while Messor workers have only a vestigial sting. We demonstrate that, in M. barbarus, the secretion of the poison gland elicits aggressiveness among nestmates. A possible role of poison gland in alarm and defence has also been suggested for five other Messor species though not based on quantitative data (Hahn and Maschwitz, 1985; Coll et al., 1987; Grasso et al., 1998 Grasso et al., , 1999 . Besides its role in alarm and defence, the poison gland secretion may be a gustatory repellent when contacted orally or ingested by predators. Indeed, alkaloids such as anabasine or anabaseine are the main volatile components present in the poison gland of three Messor species [M. ebeninus (Coll et al., 1987) , M. bouvieri (Jackson et al., 1991) and M. capensis (Brand and Mpuru, 1993) ] as well as in the taxonomically related Aphaenogaster species (Wheeler et al., 1981; Attygalle et al., 1998) . These defensive compounds could make up for the lack of effective sting in members of the Pheidolini tribe. However, this is not a general rule since, contrary to the species above mentioned, M. barbarus workers do not manufacture anabasine or anabaseine in their poison glands (Leclercq et al., submitted) . The absence of alkaloids in the poison gland of M. barbarus workers could be somewhat compensated by their high degree of worker polymorphism [body size range: 3.4 -12.1 mm (Chrétien, 1996) ] compared to alkaloids-producing ants which are often monomorphic (Aphaenogaster spp.) or less polymorphic species [e.g. M. bouvieri: 4 -8.5 mm (Cerda et al., 1998) ]. The existence of large-sized workers might be advantageous in aggressive encounters, though no data are available on whether body size of M. barbarus workers influence their fighting performances.
Where polymorphism is associated with a caste-based polyethism, a chemical and/or morphological specialisation of exocrine glands can be found between castes. This has been demonstrated in strictly dimorphic ants like Pheidole (Law et al., 1965; Hölldobler and Möglich, 1980; and Camponotus species (Ali et al., 1988) or in highly polymorphic ants with multiphasic allometry like leaf-cutting ants (Moser and Blum, 1963; Wilson, 1980) . Information is however lacking for ant species characterised by a more primitive "polymorphism" sensu Wilson (1953) . In this respect, M. barbarus provides a good example since it is characterised by a monophasic allometry while showing a wide range of worker body sizes (3.4-12.1 mm) larger than in other species such as M. bouvieri or M. sanctus [4 -8.5 mm (Bernard, 1968; Cerda et al., 1998) ]. Regarding the glandular source of the trail pheromone, Dufour glands of M. barbarus workers increase monophasically with worker body size though at a slightly lower rate. The intensity of the trail-following response is however not related to the volume of the Dufour gland. Indeed, the highest response elicited by glands from media workers reflects the task specialisation of this size class in most of foraging activities and trail recruitment (unpublished observations on M. barbarus). Concerning defensive behaviour, M. barbarus poison gland also grows monophasically with worker body size. The higher aggressive responses to poison glands from medium and larger-sized workers can be explained by the increased glandular volume and thus the larger amount of available defensive compounds. As for M. pergandei in which fighting tasks were not related to worker body size (Rissing, 1987) , our results on M. barbarus do not evidence any morphological or chemical specialisation of exocrine glands of larger workers to nest defence. Further investigations are however needed on how each worker size classes participate in M. barbarus defence.
